Tunable axion plasma haloscopes by Lawson, Matthew et al.
NORDITA-2019-038, MIT-CTP-5116, MPP-2019-83
Tunable axion plasma haloscopes
Matthew Lawson,1, 2 Alexander J. Millar,1, 2 Matteo Pancaldi,3 Edoardo Vitagliano,4 and Frank Wilczek1, 2, 5, 6, 7, 8
1The Oskar Klein Centre for Cosmoparticle Physics, Department of Physics,
Stockholm University, AlbaNova, 10691 Stockholm, Sweden
2Nordita, KTH Royal Institute of Technology and Stockholm University, Roslagstullsbacken 23, 10691 Stockholm, Sweden
3Department of Physics, Stockholm University, AlbaNova, 10691 Stockholm, Sweden
4Max-Planck-Institut fu¨r Physik (Werner-Heisenberg-Institut), Fo¨hringer Ring 6,
80805 Mu¨nchen, Germany
5Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA
6T. D. Lee Institute, Shanghai, China
7Wilczek Quantum Center, Department of Physics and Astronomy,
Shanghai Jiao Tong University, Shanghai 200240, China
8Department of Physics and Origins Project, Arizona State University, Tempe AZ 25287 USA
We propose a new strategy to search for dark matter axions using tunable cryogenic plasmas.
Unlike current experiments, which repair the mismatch between axion and photon masses by break-
ing translational invariance (cavity and dielectric haloscopes), a plasma haloscope enables resonant
conversion by matching the axion mass to a plasma frequency. A key advantage is that the plasma
frequency is unrelated to the physical size of the device, allowing large conversion volumes. We
identify wire metamaterials as a promising candidate plasma, wherein the plasma frequency can be
tuned by varying the interwire spacing. For realistic experimental sizes we estimate competitive
sensitivity for axion masses 35− 400µeV, at least.
INTRODUCTION
One of the most pressing problems in cosmology is the
composition of dark matter (DM). Recently the axion
has been pushed towards the limelight as a DM candi-
date. Consequently, there is increasing urgency in devel-
oping strategies to search for this elusive particle. Orig-
inally the axion was introduced via the Peccei-Quinn
(PQ) mechanism to solve the absence of significant CP
violation in quantum chromodynamics (QCD), which is
otherwise puzzling: the strong CP problem. The PQ
mechanism essentially replaces the CP violating phase θ
with a field which has a potential minimum at θ = 0 (the
axion) [1–3]. Here the strong CP problem is solved dy-
namically, with the axion relaxing to the bottom of its
potential over cosmological time scales.
Residual oscillations of the axion field, while very
small, remain until the present day and act as cold dark
matter [4]. Depending on the exact cosmological history
a wide range of axion masses ma can provide the cor-
rect abundance of dark matter, from 10−6–103 µeV. Cos-
mology allows us to consider two broad scenarios. The
axion itself is a pseudo-Goldstone boson generated by
the breaking of the PQ symmetry; whether or not this
symmetry is restored after inflation sets the initial con-
ditions for the axion field. If the symmetry is restored
after inflation, in each causally separated region of space
the initial angle θi adopts a different value. As our ob-
servable universe would consist of many such patches,
we live in an “averaged” universe where the dark mat-
ter abundance is simply set by ma. In addition, due to
large inhomogeneities in the axion field topological de-
fects such as strings and domain walls may form. These
topological defects lead to difficulty in calculating the
preferred axion mass [5, 6], though recent calculations
suggest ma = 25.2 ± 11.0µeV [7, 8]. Note however that
large log factors are still poorly understood and may sig-
nificantly change this prediction [9, 10].
In contrast, if the PQ symmetry is not restored af-
ter inflation then the same θi exists throughout the ob-
servable universe. The exact value cannot be predicted,
though often θi = O(1) is considered “natural”, giving
10−1 µeV . ma . 100µeV.
Searches based on cavity resonators in strong mag-
netic fields [11] like ADMX [12], HAYSTAC [13], CUL-
TASK [14], KLASH [15] or ORGAN [16] are optimal
for ma . 10µeV. Significantly lower values of ma can
be explored by LC circuits [17, 18] or nuclear magnetic
resonance techniques like CASPER [19]. Recently, di-
electric haloscopes [20, 21] were introduced to tackle the
higher mass parameter space (ma & 40µeV). However,
the technique is still under development. Similarly, the
high mass performance of cavity haloscopes relies on un-
proven techniques such as combining large numbers of
cavities [16, 22, 23].
In this Letter we consider the coupling of the axion to
bulk plasmons, rather than photons. The resonant mix-
ing of axions with plasmons was first noted in [24–26], but
it was generally ignored until recently [27–29]. Concur-
rent with this work the idea of plasma-shining-through-
wall has been introduced [30]. Here, we consider the
mixing of axions to tunable plasmas which can operate
at cryogenic temperatures, thus leading to the first prac-
tical proposal to search for axions using axion-plasmon
resonance.
One key advantage to such a scheme, as we will demon-
strate, is that the resonant frequency of the experiment
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2is decoupled from its physical dimensions, side-stepping
one of the main difficulties of building high frequency
cavity haloscopes. Thus we expect a significant increase
in the generated signal at high frequencies, even for less
resonant setups.
AXION-PLASMON RESONANCE IN FINITE
MEDIA
Despite axion-photon mixing being noted almost im-
mediately after the introduction of the axion, the con-
comitant axion-plasmon mixing has been generally ne-
glected. Throughout this Letter we will use natural units
with the Lorentz-Heaviside convention. The axion’s in-
teraction with electrodynamics is described by a term
L ⊃ −gaγ
4
Fµν F˜
µνa, (1)
with the coupling strength between axions and photons
governed by the dimensionful constant gaγ . The ax-
ion’s mass and couplings are given by the decay con-
stant fa, with mafa ∼ mpifpi and gaγ = − α2pifa Caγ ,
with Caγ an O(1) model dependent number and α the
fine structure constant. We use Fµν to denote the elec-
tromagnetic field-strength tensor, with the dual tensor
F˜µν = 12ε
µναβFαβ . Axion dark matter is extremely cold
(v ∼ 10−3), giving a correspondingly large de Broglie
wavelength λdB = 2pi/mava. Thus the axion acts es-
sentially as a spatially constant classical field oscillating
with a frequency ωa = ma, given by a(t) = a0e
−iωat. In
the presence of an external magnetic field Be the only
modification to Maxwell’s equations to lowest order in
gaγ is in Ampe`re’s law,
1
∇×H− D˙ = gaγBea˙ . (2)
The primary effect of the axion is to act like an oscil-
lating current, driving the system at ωa. Alternatively,
one can think of Be inducing a mixing between the ax-
ion and photon. Due to conservation of momentum and
energy, the massive axion cannot convert to a massless
photon in an infinite space. In order to allow conver-
sion between the two particles, one must either overcome
the difference in dispersion relation or break translation
invariance. Cavity and dielectric haloscopes do the lat-
ter by introducing structure on the scale of the Compton
wavelength, allowing for the momentum mismatch to be
satisfied. However, it is also possible to match dispersion
relations by tuning the mass of the photon (plasma fre-
quency) to that of the axion. In this case one does not
need to break translation invariance, allowing for systems
to be much larger than the Compton wavelength.
1 Due to the smallness of the coupling we will only consider linear
order effects in gaγ .
Infinite plasma
Previously, analysis of axion-plasmon mixing has been
limited to the case of an infinite homogenous medium. In
this case Maxwell’s equations become particularly sim-
ple; if we consider an E-field in a linear medium with
dielectric constant , we see that
E = −gaγBea

= −gaγBea
(
1− ω
2
p
ω2a − iωaΓ
)−1
, (3)
where in the last equality we have introduced a Drude
model for the dielectric constant. The plasma frequency
is denoted by ωp, with Γ being the small damping rate
which sets the plasmon lifetime. In the limit Re() → 0
a resonance occurs, corresponding to matching the axion
frequency ωa to the plasma frequency ωp. Importantly,
the resonant frequency is a property of the medium,
rather than being a function of the size of the system,
as is the case for cavity haloscopes.
Plasma cylinder
As any experiment must be finite in extent we will now
turn our attention to bounded plasmas. In particular,
we take the plasma to be bounded inside a conductive
cylinder. Similar cases are often considered under the
label of “plasma waveguides”, which permits a similar
analysis [31].
The length of the cylinder is not actually relevant to
the E and B-field distributions, as any mismatch at
the end caps is simply met by surface charges given by
(D2 − D1) · n12 = σs. We choose cylindrical coordi-
nates (r, φ, z) and take Be to be in the z direction, i.e.,
Be = Bezˆ. As the axion is taken to be spatially constant,
translational symmetry in the z direction implies that all
fields are similarly constant in the z direction. In antici-
pation of a thin wire metamaterial, we will assume that
the medium only has a non-unity dielectric constant z
in one direction, aligned with the cylinder. More gener-
ally, the strong applied magnetic field will ensure a highly
anisotropic medium response.
The cylindrical symmetry allows us to directly solve
the axion-Maxwell equations at a radius r inside a cylin-
der of total radius R, giving
Ez = −agaγBe
z
+
agaγBe
z
J0(
√
zrω)
J0(
√
zRω)
, (4a)
B = −agaγBe√
z
J1(
√
zrω)
J0(
√
zRω)
φˆ . (4b)
where Ji is a Bessel function of the first kind. To unpack
these expressions, note that we are interested in bulk
plasmons, where Re(z) = 0. As J0(0) = 1, behaviour in
the centre of the medium is dominated by J0(
√
zRω).
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FIG. 1. Analytic and numerical calculation of E-field as
a function of radius in an infinite, 30 cm radius cylinder
of plasma contained inside conductive walls. We have de-
fined E0 = gaγBea0. The plasma is characterised by ωp =
30 GHz and Γ = 10−1 × ωp, with axion frequencies ω =
20, 25, 30 and 35 GHz plotted. The coloured lines indicated
the analytical calculation and the black dashed lines the nu-
merical. Numerical calculations were performed in COMSOL
for a 2.7 m long cylinder.
When R & pi/√zω the second term in equation (4a)
and only term in (4b) can be neglected at the centre.
In other words a sufficiently large medium has a bulk
that behaves exactly the same as in the infinite medium
case. This relationship gives us a minimum size for a
given haloscope. Note that, unlike cavity or dielectric
haloscopes, the enhancement of the E-field is not related
to boundary conditions: the same would occur for an
infinite medium, or one surrounded by vacuum.
To see these examples in action, in Fig. 1 we plot
the electric field profile in a 30 cm radius cylinder, with
ωp = 30 GHz and Γ = 10
−1 × ωp. These are fairly con-
servative parameters, choosing a very lossy plasma. As
expected, we see a large homogeneous region in the centre
of the cylinder, with the edges having a small spike be-
fore rapidly vanishing at the edges. We test our analytic
calculations by comparison to numerical calculations per-
formed in COMSOL [32]. The analytic and numerical
calculations are essentially identical, showing a resonance
when the axion and plasma frequencies match.
WIRE METAMATERIALS
In order to search for axions, we require materials that
can be operated at cryogenic temperatures and have a
tunable plasma frequency corresponding to the expected
axion mass (ma . 60 meV) [33, 34]. Several possibili-
ties exist, including electron-poor semiconductors, field
effect transistors, and Josephson junctions, which can of-
ten be tuned non-mechanically [35–37]. As a prototypical
example, we will instead focus on thin wire metamate-
rials [38]. One of the earliest proposed metamaterials,
a volume filled with thin wires keeps many of the nice
properties of metals (such as operating at cryogenic tem-
peratures), however the plasma frequency of the system
is vastly lower. We will consider homogeneously spaced
wires aligned in the z direction of radius d and spacing s.
It has been shown that as long as the wires are sufficiently
thin (log(s/d) 1), they act as an effective medium with
dielectric constant [38, 39]
z = 1−
ω2p
ω2 − k2z + iωΓ
, (5)
where we have added in a small loss term. As we are
neglecting the axion velocity, kz = 0 so we can neglect
spatial dispersion and simply recover a Drude-like model.
To see that ωp is much smaller than in a regular metal
two effects must be considered. The first is the much
lower average density of electrons ne, and the second is
the mutual inductance of the wires changing the effective
electron mass meff . More explicitly these effects give [38]
ne = n
pid2
s2
; meff =
e2pid2n
2pi
log
s
d
, (6)
where n is the density of electrons in the wires, and e the
electric charge. The corresponding plasma frequency is
ω2p =
nee
2
meff
=
2pi
s2 log(s/d)
. (7)
We can easily see from (7) that the plasma frequency is
essentially given by the spacing between the wires, mean-
ing that for cm scale spacings ωp = O(GHz). Further,
as ωp is a function of s, by changing the spacing of the
wires it is possible to tune the plasma frequency. Thus we
anticipate thin wire structures to be an ideal candidate
plasma.
SETUP
A practical experimental realisation of this scheme
must accommodate a few key features. First, the size
and spacing of the wires must be such that the struc-
ture can be approximated as a medium, which condition
obtains when log(s/d)  1 (that is, the diameter of the
wires is much smaller than the spacing between the wires)
[38]. Copper wires with diameters as small as 10µm are
commercially available, setting a soft limit of 3 mm on
the interwire spacing. This corresponds to a soft upper
frequency limit of 100 GHz. For higher frequencies the
volume of the plasma will be limited also by λdB. For
haloscopes velocity effects start becoming noticeable for
physical distances ∼ 20% of λdB [27, 40, 41].
Second, the plasma must be placed in strong magnetic
field, which limits the maximum practical diameter of the
structure. Consequently, the maximum spacing between
4the wires is also limited. There are commercially avail-
able magnets with 7 T fields and 60 cm bore diameters, so
taking this as a conservative upper limit, and requiring
at least ∼ 300 evenly spaced wires, we find an interwire
spacing of 3 cm and a corresponding lower frequency limit
of 8.8 GHz.
Third, the spacing between the wires must be tunable,
while retaining a relatively high level of spacing homo-
geneity. However, tuning may be more easily realised
than it seems at first glance. While, for simplicity, we
have focused on isotropic wire arrays, this condition is
not necessary; anisotropically spaced wires still give an
isotropic effective medium [39]. As the plasma frequency
comes from the mutual inductance between the wires the
medium acts isotropically as long as the wires are ar-
ranged such that each wire feels the same mutual induc-
tance as every other wire.
Thus one very appealing geometry for tuning the
plasma frequency is a series of planes of wires, with spac-
ing adjusted in a single direction. We leave a full investi-
gation of such mechanics to a technical design study. As-
suming a tuning system which can cover more than a few
percent of the total frequency range of the experiment is
realised, one could fabricate multiple inserts which could
then be used for specific ranges of frequencies. Given
that the overall size of the structure is largely indepen-
dent of the operating frequency, such inserts could all
be identical in external dimension, facilitating relatively
fast swapping into and out of the magnet, electronic,
and cryogenic systems. Depending on the details, such a
tuning mechanism may further limit the high frequency
range.
Fig. 2 shows a schematic representation of the essen-
tial features of the proposed experimental realization. An
external magnetic field of order 10 T is applied to an ar-
ray of parallel wires with tunable interwire spacing. In
the presence of the magnetic field axions can induce bulk
plasmons when the plasma frequency (set by the spac-
ing) matches the axion frequency. As a result, there will
be a roughly uniform axial electric field oscillating si-
nusoidal in time. Antennas or pickup loops inside the
structure can be used to detect this oscillating electric
field. An ultra-low-noise microwave amplifier then am-
plifies the voltage produced by the antenna. The wire
assembly is electromagnetically shielded and cooled to
cryogenic temperatures to reduce noise.
PROJECTED REACH
To estimate the parameter space that could be ex-
plored by a plasma haloscope we must first calculate the
power. In general, the power that can be extracted from
the plasma is related to the loss rate of the plasma. For
a Drude plasma, for small Γ the loss rate is given by
P = ΓU , where U is the stored energy. This corresponds
FIG. 2. A schematic representation of an experimental re-
alization of the plasma haloscope. An array of wires with
variable interwire spacing is placed in a strong uniform mag-
netic field. The array of wires (gray lines) acts as an effective
medium with plasma frequency set (to leading order) by the
wire spacing. The axion field excites a bulk plasmon in the
wire metamaterial which can be detected by an antenna with
the appropriate geometry (here represented by the red line).
The green curve shows the absolute value of the electric field
profile within the wire metamaterial.
to a quality factor Q = ω/Γ. Assuming a signal coupling
efficiency factor κ, on resonance we can write the power
in a form similar to that used for cavity haloscopes [11],
P = κGV Q
ma
ρag
2
aγB
2
e , (8)
where
G = 
2
z
a20g
2
aγB
2
eV
1
2
∫ (
∂(zω)
∂ω
|E|2 + |B|2
)
dV . (9)
The local axion dark matter density is denoted ρa, with
0.45 GeV/cm3 being the typical value used. In G we have
defined a kind of “geometry factor”, however unlike a
traditional cavity haloscope G → 1 as R → ∞. Fur-
ther, as gaγ ∝ ma for the QCD axion the power actu-
ally increases at higher masses, given constant Q. Thus
the primary advantage over traditional cavity haloscopes
comes from the dramatically increased measurement vol-
ume, meaning that much more energy is stored in the
system. Because of this feature plasma haloscopes will
be most useful in the high frequency regime.
To calculate a scan rate, the signal to noise ratio
(S/N) is given by Dicke’s radiometer equation, S/N =
(P/Tsys)
√
∆t/∆νa, where the system noise temperature
is Tsys and the axion signal line width ∆νa ∼ 10−6νa.
The measurement time is denoted ∆t, covering a fre-
quency range ∼ ω/Q. Assuming that the tuning mech-
anism allows for rapid tuning and so can be neglected,
it is simple to estimate the projected reach of a given
experiment. Parametrizing the measurement time as
∆t = Aνp, where A and p are independent of ν and
5given by equation (8), we can integrate Dicke’s formula
between some frequencies ν1, ν2 to get the total scanning
time
tscan =
QA
p
(νp2 − νp1 ) . (10)
To put in some numbers, we assume a plasma with a
conservative Q = 102 and V = 0.8 m3 inside 10 T mag-
netic field. With such a conservative Q and concomitant
longer measurement time the assumption that the tun-
ing time can be neglected should hold true. We require
S/N ≥ 3 over the full width half maximum (ω/Q). To
account for the decrease in λdB at high frequencies, we
assume an 60 cm bore magnet and limit the length to 30%
of λdB. As shown in Fig. 3, with quantum limited detec-
tion (Tsys = ma) the axion parameter space 35−400µeV
could be explored down to DFSZ [42, 43] (|Caγ | = 0.746)
in 6 years. We have assumed that the readout system is
critically coupled, i.e., κ = 0.5.
Such a detection scheme is more easily reached at low
masses, where Josephson parametric amplifiers operating
with a dilution refrigerator have been shown to achieve
near quantum limited detection [44]. With a more mod-
est detection system, such as a commercially available
high electron mobility transistor operating in liquid he-
lium (Tsys ∼ 5 K) the higher mass range 100 − 160µeV
could be explored in a similar time frame (4 years). Such
a scan would be complementary to the initial stages of
MADMAX [20]. Above 40 GHz new detection technology
will be required regardless of the specific axion detection
mechanism [45].
Due to similar design limitations, thin wire metama-
terials seem most optimal in a similar parameter space
as dielectric haloscopes. Which technique will be more
practical at a given frequency depends strongly on the de-
tailed design of an experiment. A particular advantage
of plasma haloscopes is that a solenoidal, rather than
dipole, magnet can be used, simplifying the design and
cost. In addition, plasma haloscopes may be more easily
extended into even higher mass parameter space, as the
technique will work as long as an appropriate medium is
found. As mentioned above, several candidate materials
exist with the possibility of high Q and non-mechanical
tuning and warrant further exploration.
CONCLUSION
In this Letter we have outlined a new axion detection
technique using tunable cryogenic plasmas. By match-
ing the axion and plasmon masses we induce resonant
conversion between the two. Unlike existing haloscope
designs axion-photon conversion is not caused by match-
ing boundary conditions. Thus we open the possibil-
ity for dramatically increased measurement volumes, al-
lowing significantly more power than a traditional cav-
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FIG. 3. In green we show the projected reach in the
{ma, |Caγ |} plane of a plasma with Q = 102 and V = 0.8 m3
inside 10 T magnetic field. We assume a critically coupled,
quantum limited detector with a 6 year measurement time.
The black lines bracket the traditional axion model band,
0.746 < |Caγ | < 1.92. Existing limits are displayed in
gray, with coloured regions corresponding to proposed ex-
periments (red tones for cavities, blue for dielectric halo-
scopes) [13, 14, 20, 44, 46–52].
ity haloscope, especially at high frequencies. Using thin
wire metameterials as a candidate plasma, we showed
that plasma haloscopes provide a plausible alternative
to dielectric haloscopes in the mass region 35− 400µeV,
at least. Other candidate plasmas exist, which may al-
low the technique to be expanded into larger parameter
spaces.
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